INTRODUCTION
Phagocytic cells mediate the early immunological responses to bacterial infections. The innate immune response by these phagocytes, which include macrophages and dendritic cells (DC), is orchestrated by a plethora of pattern-recognition receptors (PRR) that recognize specific molecular signatures that are shared amongst extracellular microbes [1, 2] . During bacterial infection, microbes engage a variety of PRR on the surface of macrophages and DC, which initiates the process of phagocytosis, whereby phagocytic cells engulf pathogenic microbes and degrade them [3] [4] [5] . Amongst these PRR is the scavenger receptor family [6, 7] , which binds and traffics a variety of endogenous and microbial ligands, and the TLR family, which stimulates phagocyte activation, maturation, and the release of proinflammatory cytokines [8, 9] . TLR and Class-A scavenger receptor (SR-A) are members of these separate PRR families. In the context of bacterial recognition, SR-A binds bacterial cell-wall components [10 -12] , including LPS on Gram-negative bacteria and lipoteichoic acid (LTA) on Gram-positive bacteria, and is thought to be predominantly a trafficking receptor. In contrast, LPS interaction with the TLR4 complex and LTA interaction with TLR2 lead to NF-B activation through MyD88 signaling [13] [14] [15] . However, the functional relationship between SR-A and TLR during the host response to bacterial infection is poorly understood.
Loss of SR-A in mice causes two major impairments in host defense against pathogenic infection. First, SR-A-deficient (SR-A Ϫ/Ϫ ) mice are considerably more susceptible to Gramnegative and Gram-positive bacterial infections than wild-type (WT) controls as a result of the impaired ability of these mice to clear bacterial burdens early during infections [16, 17] . Second, in Gram-negative bacterial infections, SR-A Ϫ/Ϫ mice exhibit an increased susceptibility to endotoxic shock [11, 18, 19] . This is thought to be caused by decreased clearance of LPS in the absence of SR-A, thus leaving more LPS to activate TLR4 signaling and induce hyperinflammation. As SR-A and TLR4 are expressed on the same cells and bind the same microbial molecules [20] , and murine knockouts for either gene are compromised in their ability to respond to Gramnegative bacterial challenge [16, 17, 21, 22] , we hypothesized that these molecules may functionally synergize to mediate bacterial clearance.
In these studies, we investigate the relationship between SR-A and TLR4 in the process of phagocytosis of bacteria by murine phagocytes. In particular, we assessed how subtle changes in these two cell-surface receptors impacted the process of bacterial recognition and clearance by innate immune cells. Here, we provide genetic evidence for TLR4 and SR-A synergy in bacterial phagocytosis, showing that phagocytes heterozygous for TLR4 and SR-A are deficient in vitro and in vivo in the phagocytosis of the Gram-negative bacteria Escherichia coli, and cells singly heterozygous for either gene are fully competent in this regard. We show that this phenotype is specific to Gram-negative bacteria, but cells heterozygous for TLR2 and SR-A are deficient in the phagocytosis of Grampositive bacteria. Furthermore, we demonstrate that MyD88-dependent signaling processes affect the rate of SR-A-driven phagocytosis as opposed to cell-surface binding of bacteria. These studies provide new insight into how multiple PRR control pathogen-specific phagocytosis by DC. This is the first report of a defective phenotype and function associated with SR-A heterozygosity and the first evidence that TLRs modulate SR-A-mediated phagocytosis.
MATERIALS AND METHODS

Mice
C57BL/10J and TLR-deficient (TLR2
Ϫ/Ϫ ) mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). C57BL/10ScNCr mice, which have a naturally occurring deletion of the TLR4 gene (TLR4 Ϫ/Ϫ ), and C57BL/6 mice were obtained from the National Cancer Institute (Frederick, MD, USA). SR-A Ϫ/Ϫ mice (C57BL/6 background) were a generous gift of Drs. T. Kodama (Tokyo University, Japan) and M. W. Freeman (Massachusetts General Hospital, Boston, MA, USA) [23, 24] . MyD88 Ϫ/Ϫ mice were generated by Adachi et al. [25] . Mice heterozygous for a single gene (TLR4 ϩ/Ϫ , SR-A ϩ/Ϫ , or MyD88 ϩ/Ϫ ) were bred using TLR4, SR-A, or MyD88 null animals mated to C57BL/6 WT mice. Double heterozygote mice-SR-
ϩ/Ϫ , and SR-A ϩ/Ϫ MyD88 ϩ/Ϫ genotypes-were bred by mating SR-A Ϫ/Ϫ mice to TLR4 Ϫ/Ϫ , TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice, respectively, to C57BL/6 WT mice. Double knockout mice (SR-A Ϫ/Ϫ TLR4 Ϫ/Ϫ ) were bred by mating double heterozygote mice (SR-A ϩ/Ϫ TLR4 ϩ/Ϫ ). Litters from these mice were screened using gel electrophoresis analysis of PCR products from primer sets described previously for SR-A [26] . TLR4 genotypes were determined using forward primer 5Ј ACATTCCTGTAAGTTACCTGCATATTT 3Ј [27] and reverse primer 5Ј CAATGGTCACATCACATAGTCC 3Ј. Mice that screened as double knockout mice by PCR were subsequently confirmed to be SR-A ϩ/Ϫ and SR-A ϩ/Ϫ TLR4 ϩ/Ϫ mice were bred by mating C57BL/6 SR-A Ϫ/Ϫ mice or SR-A Ϫ/Ϫ TLR4 Ϫ/Ϫ , respectively, to WT Balb/C mice to allow for staining with the 2F8 mAb, which does not recognize SR-A in C57BL/6 mice as a result of a genetic polymorphism [28] .
Bone marrow-derived DC (BMDC) culture
The DC culture protocol is described previously [29] and is a modification of Inaba et al. [30] . In summary, BMDC were resuspended at 10 6 cells/ml in DC culture media (RPMI-1640 medium, 10% heat-inactivated FBS, 100 units/ml penicillin/streptomycin, 50 mM ␤-ME, 5% cell culture supernatant from ϫ63 cells secreting GM-CSF [31] ) and plated in six-well tissue-culture plates. On Days 2 and 4, the cells were washed and re-fed, and nonadherent cells were removed. On Day 6, wells were washed vigorously with culture medium to collect semiadherent cells, which were then phenotypically confirmed to be immature DC.
Antibodies
Anti-macrophage SR-A antibody used for Western blot confirmation of genotypes (data not shown) was from R&D Systems (Minneapolis, MN, USA); 2F8 anti-SR-A antibody for FACS analysis was purchased from Serotec (Raleigh, NC, USA); anti-CD11c and anti-F4/80 were from eBioscience (San Diego, CA, USA); and anti-TLR4 was purchased from Abcam (Cambridge, MA, USA).
Endocytic uptake/bacterial-binding assays
Acetylated low-density lipoprotein (AcLDL) uptake and trafficking assays were performed as described previously [32, 33] . Alexa488-AcLDL was purchased from Molecular Probes (Eugene, OR, USA). BMDC were incubated in 1 g/ml AcLDL for 20 min at 37°C. Cells were then washed and analyzed by FACS for AcLDL uptake. Bacterial binding assays were performed with heat-killed, fluorescently labeled E. coli, which were heat-killed prior to labeling by incubation for 1 h at 90°C and fluorescently labeled as described previously [34, 35] . Binding assays were performed by incubating BMDC in the presence of labeled bacteria at 4°C for 30 min, washing cells three times with PBS, and assaying for fluorescence by FACS.
Bacterial strains
A DH5␣ E. coli strain transfected with a pTrcHis plasmid (Invitrogen, Carlsbad, CA, USA) to confer ampicillin resistance was used for all phagocytosis assays for Gram-negative bacteria uptake. The Staphylococcus aureus strain SMC4371 is an erythromycin-resistant variant of the laboratory strain RN4220 and was used for phagocytosis assays of Gram-positive bacteria and was obtained from George O'Toole (Dartmouth College, Lebanon, NH, USA).
Gentamycin protection assays
Phagocytosis of live E. coli or S. aureus was performed as a modified version of protocols described previously [35, 36] . Overnight cultures of E. coli or S. aureus were washed twice in 10 ml serum-free HBSS and centrifuged at 6000 rpm. The bacterial pellets were resuspended in HBSS, and the bacteria concentration was determined by spectrophotometric absorbance at 600 nM. BMDC (2.5ϫ10 5 ) from the various mouse genotypes described were incubated with bacteria at the indicated multiplicity of infection (MOI) for 45 min at 37°C. BMDC were washed three times in serum-free HBSS and incubated in 100 g/mL gentamycin for 30 min at 37°C. Cells were then washed and resuspended in 0.1% Triton X-100 in PBS. Lysates were plated on LuriaBertani (LB)-agar plates containing ampicillin (E. coli) or trypticase soy blood-agar plates containing erythromycin (S. aureus) and incubated overnight at 37°C. Subsequently, amp R or erm R colonies were counted, and CFUs were calculated based on the fraction of the total sample plated. For kinetic analysis, assays were performed as described above with gentamycin added at incremental time-points to permit analysis of bacterial uptake at early stages in the phagocytic process. For analysis of phagocytic killing, BMDC were incubated with bacteria as above, and after gentamycin addition, BMDC were harvested in 15-min increments to allow assessment of death of internalized bacteria over the course of the assay.
FACS analyses and confocal microscopy
For FACS analyses, cells were analyzed by flow cytometry at the Norris Cotton Cancer Center (NCCC) Englert Cell Analysis Laboratory (Dartmouth College), using a FACSCaliber cytometer and subsequently analyzed using CellQuest software. For confocal microscopy, cells affixed to coverslips were mounted in buffered glycerol with 1 mg/ml phenylenediamine. Microscopy was performed on a Zeiss LSM510 Meta microscope taking single optical sections with a 63ϫ lens, followed by viewing on an LSM5 Image Browser.
In vivo bacterial uptake assay
Live DH5␣ E. coli bacteria (5ϫ10 6 ) were i.p.-injected into the indicated genotypes of mice, which were killed 1 h postinjection, and peritoneal lavages were collected. Peritoneal cells were pelleted, washed twice in serum-free HBSS, and resuspended in 1 ml HBSS. Each suspension (250 l) was incubated in the presence of gentamycin for 30 min at 37°C to kill noninter-nalized bacteria. Cells were washed twice in serum-free HBSS and resuspended in 500 l 0.1% Triton X-100 in PBS. Resuspended cells/bacteria (20 l) were plated on LB-agar/ampicillin plates and incubated overnight at 37°C. Colonies were counted the following morning, and CFUs were calculated based on fraction of total sample plated.
Statistical analyses
All graphs and datasets were analyzed using unpaired, two-tailed t-test analyses to compare experimental data with control data. Ninety-five percent confidence intervals were used in these analyses. For all graphs, P Յ 0.05, where statistical significance is indicated.
RESULTS
SR-A ϩ/-
TLR4
ϩ/-BMDC are impaired in the phagocytosis of E. coli
We and others [35, 37] have shown previously that SR-A is expressed on murine BMDC. In these studies, we used a gentamycin protection assay to test the relative capability of cells from various murine genotypes to phagocytose live DH5␣ bacteria. Unlike protocols using fluorescently labeled beads or apoptotic cells, the gentamycin protection assay rigorously distinguishes bacterial uptake from bacteria bound to the cell surface and enables quantitative analyses of the relative levels of bacteria actually internalized by phagocytic cells. The DH5␣ laboratory strain of E. coli was chosen specifically for these studies, as it has been shown previously to exhibit an intermediate SR-A dependency for its uptake by phagocytic cells compared with other E. coli strains tested [12] . We have shown previously that SR-
, BMDC are impaired in their ability to phagocytose E. coli [35] . To test the hypothesis that TLR4 and SR-A are involved cooperatively in bacterial phagocytosis, we first assessed the role of TLR4 (Fig.  1A) . Some previous reports indicate that TLR4 Ϫ/Ϫ BMDC and aveolar macrophages are fully competent compared with WT cells at phagocytosis of E. coli [38, 39] , and other reports suggest a role for TLR4 in peritoneal macrophage phagocytosis of E. coli during sepsis [40] . We observed that BMDC from TLR4 Ϫ/Ϫ mice exhibit 25% impairment in the phagocytosis of live E. coli. The deficit in TLR4 Ϫ/Ϫ BMDC remained constant over a range of MOIs tested (Fig. 1A) . These findings demonstrate that loss of TLR4 negatively impacts phagocytosis of E. coli by BMDC. At 4°C, more than 97% of the phagocytic activity was abolished in WT cells compared with cells at 37°C (Fig. 1A) ; this demonstrates low levels of background associated with the gentamycin protection assay and specificity of the assay for internalized bacteria. To confirm that the gentamycin protection assay was indeed reflective of bacterial phagocytosis, we performed confocal microscopy, which showed that BMDC incubated at 4°C are able to bind bacteria but not internalize them, and complete engulfment (phagocytosis) of E. coli occurs at 37°C (Fig. 1B) . We then tested whether cells lacking TLR4 and SR-A exhibited an additive or synergistic defect. Although we observed the expected 70% deficit in SR-A Ϫ/Ϫ BMDC, we found that the TLR4 Ϫ/Ϫ SR-A Ϫ/Ϫ BMDC were no further impaired than the SR-A Ϫ/Ϫ cells (Fig. 1A ), indicating that SR-A deficiency is functionally dominant to TLR4 deficiency regarding the phagocytosis of live E. coli by BMDC.
To address how subtle changes in expression of these receptors might affect the process of bacterial uptake, we next tested phagocytosis by BMDC heterozygous for TLR4 and SR-A. Although BMDC, heterozygous for TLR4 or SR-A, showed no deficit in phagocytosis compared with WT cells, double heterozygous SR-A ϩ/Ϫ
ϩ/Ϫ BMDC were impaired significantly (PϽ0.01) in the phagocytosis of live E. coli, exhibiting a 50% deficit compared with WT cells (Fig. 1C) . This is the first report of any functional deficit associated with heterozygosity for the SR-A gene and the first demonstration of TLR involvement in SR-A-mediated bacterial trafficking. As the loss of a single copy of TLR4 renders cells functionally sensitive to the loss of a single copy of SR-A, we then tested whether cells completely deficient for TLR4 would likewise exhibit SR-A haplo-insufficiency. BMDC from mice that lacked TLR4 and were heterozygous for SR-A (SR-A Ϫ/Ϫ BMDC were not significantly (PϾ0.05) different from the SR-A ϩ/Ϫ TLR4 ϩ/Ϫ cells. From these experiments, we conclude that partial or total loss of TLR4 expression sensitizes phagocytic cells to SR-A heterozygosity, genetically demonstrating that TLR4 contributes to SR-A-mediated phagocytic trafficking of E. coli.
ϩ/-phagocytic deficit is specific for Gram-negative bacteria, and SR-A ϩ/Ϫ
TLR2
ϩ/Ϫ cells show a phagocytic deficit for Gram-positive bacteria S. aureus TLR4 signaling is well-documented to be activated by cell-wall products of Gram-negative bacteria [14] , however an alternative explanation for the deficit observed in the SR-A ϩ/ ϪTLR4 ϩ/Ϫ BMDC is that for unknown reasons, loss of one or both copies of TLR4 causes a global, phagocytic defect that is not specific to interaction with a bacterial ligand. To test the specificity of the SR-A ϩ/Ϫ TLR4 ϩ/Ϫ phenotype, we examined the phagocytosis of the Gram-positive bacteria S. aureus, which expresses the SR-A ligand [10] LTA but does not contain LPS in its cell membrane and thus, does not engage the TLR4 signaling complex. Consistent with previous data using macrophages [17] , SR-A Ϫ/Ϫ cells were impaired in their ability to phagocytose S. aureus compared with WT cells (Fig. 2A) . Importantly, SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC were not impaired in their phagocytosis of S. aureus ( Fig. 2A) . This result reveals novel and nuanced information about SR-A-mediated phagocytic trafficking. First, SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC are fully competent at phagocytosis of S. aureus, while being grossly impaired for phagocytosis of E. coli, which demonstrates that the deficit for E. coli uptake is not the result of pleiotropic phagocytic defects in these cells. Second, these data show that it is ligand-specific engagement by TLR4 that leads to the deficit seen in SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC. Furthermore, we found that SR-A ϩ/Ϫ TLR2 ϩ/Ϫ BMDC are impaired for phagocytosis of S. aureus (Fig. 2B) , which indicates that a more global relationship exists between TLRs and SR-A during phagocytosis. Together, these data show that TLR-specific signals, dependent on the type of bacteria engaged by the phagocytes, control SR-A-mediated phagocytic trafficking and that this mechanism is negatively affected in the context of concomitant heterozygosity in pathogen-specific TLRs and in SR-A. From these data, we conclude that the phagocytic deficit observed in SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC is specific to altered TLR4 engagement by Gram-negative bacteria in these cells. Moreover, we show that loss of TLR4 does not impart a global deficit in phagocytosis and that multiple TLRs regulate SR-Amediated phagocytosis of bacteria, depending on the specific type of bacteria involved. These results implicate a shared downstream molecule of TLR2 and TLR4 as mechanistically responsible for the phagocytic deficits observed in double heterozygous BMDC.
TLR4 deficiency does not affect SR-A-mediated endocytic trafficking
Scavenger receptors are able to traffic ligands through the mechanistically distinct phagocytic and endocytic internalization processes [41, 42] , depending on the particulate nature of the ligand [43] . As TLR4 heterozygosity affects SR-A-dependent phagocytic trafficking, we asked if this were also true for SR-A-mediated endocytic trafficking. To assess SR-A-mediated endocytic uptake by FACS analysis, we used Alexa488-labeled AcLDL. We observed the anticipated [18, 44] 
TLR4
Ϫ/Ϫ BMDC (cells from both of these genotypes were functionally similar in this regard), and TLR4 Ϫ/Ϫ BMDC were not impaired in comparison with WT cells (Fig. 3A) . Endocytic uptake of AcLDL by SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC was comparable with that by a single heterozygote and by WT BMDC (Fig. 3B) . Thus, the trafficking deficit observed in SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC appears to be specific to phagocytic events and is not recapitulated during SR-A-mediated endocytosis.
SR-A ϩ/-
TLR4
ϩ/-BMDC exhibit WT levels of bacterial killing and bacterial binding
To identify the mechanism behind the phagocytic impairment in SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC, we assessed multiple aspects of the phagocytic process. As the gentamycin protection assay measures bacterial CFUs, one potential explanation for our results is that the relative decrease of CFUs in SR-A ϩ/ ϪTLR4 ϩ/Ϫ BMDC is a result of differential bacterial killing in these cells compared with WT controls. To test this, we per- (Figs.  1, A and C, and 2, A and B) occur. The gentamycin protection assay was performed as described previously with the exception that for each genotype, cells were harvested every 15 min following the addition of gentamycin to determine the rate of bacteria decrease (phagocytic killing) following internalization (Fig. 4A) . By normalizing later time-points to the CFU levels of each genotype at 15 min after antibiotic addition, we were able to determine the relative rates of bacterial killing by BMDC. These experiments demonstrated that all of the genotypes exhibited the same rates of bacterial killing and that the level of killing observed over this duration (ϳ10% of the phagocytosed bacteria) does not account for the Ͼ50% impairment of bacterial uptake by the SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC (Fig.  4A) . We thereby eliminated differential bacteriocidal activity as an explanation for our data.
Another potential explanation for the phagocytic defect in SR-A ϩ/Ϫ
ϩ/Ϫ BMDC is that heterozygosity of either gene affected the expression of the other gene. FACS analyses of TLR4 and SR-A expression revealed a modest decrease in protein expression in the respective single heterozygotes compared with WT cells (Fig. 4, B and C) . However, importantly, expression levels of each receptor in the double heterozygous SR-A ϩ/Ϫ
ϩ/Ϫ BMDC were identical to receptor expression levels observed in the single heterozygote BMDC (Fig. 4 , B and C). Thus, loss of a single copy of either gene does not affect expression of the other gene. Another possible explanation related to receptor numbers is that fewer bacteria are able to be bound at the cell surface of SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC. To discern whether the observed defect is a function of surface attachment of bacteria to the BMDC, fluorescently labeled, heat-killed E. coli were incubated with BMDC at 4°C, and the BMDC were subsequently assessed for bacterial binding by FACS analyses. We have described previously how this type of analysis allows assessment of bacterial binding along two parameters [35] . When the assay is performed in the linear range, only a portion of the BMDC binds bacteria, leaving a bimodal distribution of fluorescent cells that bound bacteria (Gate M1, Fig. 4D , inset histogram) and nonfluorescent cells that did not bind bacteria (ungated portion in Fig. 4D, inset histogram) . The 
ϩ/Ϫ BMDC were treated as in A and analyzed for AcLDL uptake by FACS. Single heterozygous genotypes and the double heterozygous BMDC exhibited WT levels of AcLDL uptake. first parameter that was analyzed in this assay was the percent of the total BMDC population that bound E. coli bacteria during the assay (cells within Gate M1 as a percentage of the total number of cells analyzed). Our results show that SR-A ϩ/ ϪTLR4 ϩ/Ϫ BMDC do not differ significantly from WT cells in the percentage of the population that bound bacteria (Fig. 4D , left graph). The second parameter analyzed was the MFI of the cells that bound bacteria (within Gate M1 in Fig. 4D , inset histogram) among the different genotypes of BMDC, indicative of the relative amount of bacterial binding that occurred within those cells that did bind bacteria. By this analysis, we found that SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC were not impaired in their average binding of fluorescently labeled E. coli (Fig. 4D, right  graph ). These data demonstrate that the defect in phagocytosis in SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC is not a result of a defect in recognition or binding of the bacteria to the surface of BMDC. This indicated to us that the deficit was likely a result of impairment in the internalization of the bacteria.
SR-A ϩ/-
MyD88
ϩ/-cells recapitulate the SR-A ϩ/-TLR4 ϩ/-phagocytic deficit
As SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC showed a specific deficit for Gram-negative bacteria, and SR-A ϩ/Ϫ TLR2 ϩ/Ϫ BMDC showed a similar deficit for Gram-positive bacteria, we hypothesized that a common downstream signaling molecule might be mechanistically responsible for the defective phenotypes we observed in double heterozygous cells. MyD88 is a shared signaling adaptor downstream of many of the TLRs (including TLR4 and TLR2), and loss of MyD88 (MyD88 Ϫ/Ϫ ) has been reported previously to impair phagocytic efficiency [3, 4] . Therefore, MyD88 represented a logical, functional pathway by which the TLR molecules were exerting their effects on SR-A-mediated phagocytosis. To test this hypothesis, we bred SR-A ϩ/Ϫ
ϩ/Ϫ mice and assessed BMDC from these mice for their ability to recapitulate the defect seen in SR-A ϩ/ ϪTLR4 ϩ/Ϫ BMDC. First, we examined whether MyD88 heterozygosity affected surface expression of TLR4 in BMDC.
Loss of MyD88
Ϫ/Ϫ has been reported previously to have no effect on the cell-surface expression of TLR4 [45] . In accord with this, we found that MyD88 ϩ/Ϫ and SR-A
BMDC exhibit WT levels of surface TLR4 expression, and TLR4 Ϫ/Ϫ BMDC show no TLR4 expression by FACS analysis (Fig. 5A) (Fig. 5B) . As MyD88 ϩ/Ϫ and SR-A
BMDC express identical levels of surface TLR4, we can conclude definitively that the phagocytosis defect seen in the double heterozygous cells is not a result of aberrant distribution of receptor numbers at the cell surface or a cell surfacebinding deficit reflective of total receptor numbers.
Having shown that TLR4 heterozygosity does not impair BMDC from binding to E. coli (Fig. 4D) , we next tested the 
MyD88
ϩ/Ϫ BMDC. To assess the rate of bacterial phagocytosis, we modified the gentamycin protection assay described previously. The various genotypes of BMDC were incubated with bacteria at 37°C; then, at 10-min intervals, starting at 0 min, gentamycin was added to the assay. At Time 0 min, there were essentially no bacteria protected from the gentamycin, which demonstrates that there is little background associated with this assay (Fig. 5C ). Within 10 min following BMDC-bacteria coincubation, measurable phagocytosis had occurred (bacteria protected from gentamycin), and the number of bacteria taken up by SR-A
ϩ/Ϫ , and SR-A Ϫ/Ϫ BMDC was lower than WT levels (Fig. 5C) . By 20 min, three distinct phagocytic levels were observed, and the SR-A . These findings are consistent with the defects observed in Figures 1C and 5B . From these results, we conclude that the phagocytic deficit in TLR4 ϩ/Ϫ SR-A ϩ/Ϫ and SR-A ϩ/Ϫ MyD88 ϩ/Ϫ BMDC is a result of an impaired rate of internalization of bacteria into these cells that is controlled mechanistically through the MyD88-dependent pathway.
SR-A ϩ/Ϫ
TLR4
ϩ/Ϫ mice are impaired in the in vivo phagocytosis of E. coli (Fig. 6A) . Peritoneal cells were then treated in a gentamycin protection assay to determine the levels of in vivo phagocytosis. Relative CFUs of phagocytosed bacteria from each treatment group were assessed as described in Materials and Methods. Peritoneal phagocytes in SR-A ϩ/Ϫ TLR4 ϩ/Ϫ mice were impaired significantly (PϽ0.005) at uptake of live E. coli bacteria compared with WT mice and consistent with the in vitro data, were intermediate between WT and SR-A Ϫ/Ϫ mice (Fig. 6B ). These data demonstrate that peritoneal phagocytes from SR-A ϩ/ ϪTLR4 ϩ/Ϫ mice are impaired in their ability to take up E. coli. The in vivo data replicate our in vitro observations and confirm that concomitant heterozygosity for SR-A and TLR4 imparts a defect in the ability of murine phagocytes to clear E. coli bacteria.
DISCUSSION
The innate immune system is an organism's first line of defense against infection by pathogenic bacteria [46] . This initial immune response is largely dependent on a variety of PRR that responds to pathogens and initiates phagocytic clearance of microbes as well as the induction of inflammation at the site of infection [1, 2] . TLRs and SR-A are PRR that recognize major components of bacterial cell walls and are involved in the process of phagocytosis [3, 12, 35, 47] . In this report, we used mouse genetics to assess functional synergy between TLR4 and SR-A during the phagocytic uptake of the Gram-negative bacteria E. coli. We chose the DH5␣ strain based on previous findings that the DH5␣ strain of E. coli has an intermediate level of SR-A dependence for phagocytic uptake compared with other bacterial strains tested [12] . Thus, the avirulent DH5␣ strain provides a facile model for a number of virulent pathogenic microbes that are likewise cleared through SR-Adependent mechanisms [16, 17] .
Although SR-A Ϫ/Ϫ phagocytes are known to be deficient in bacterial uptake, the literature reports are inconsistent about the contribution of TLR4 to bacterial phagocytosis. BMDC and primary alveolar macrophages derived from the TLR4 Ϫ/Ϫ C57BL/10ScNCr and C3H/HeJ strains of mice are reported to be fully competent at bacterial phagocytosis [38, 39] . However, TLR4 expression has also been reported to affect macrophage clearance of bacteria during peritoneal sepsis [39, 40] . Other studies have shown that TLR4 and its downstream signaling adaptor molecule MyD88 are critical for proper phagocytic efficiency [3, 4] . In our system, a single copy of the TLR4 gene is sufficient for normal phagocytic activity, and TLR4 Ϫ/Ϫ BMDC show modest impairment in the phagocytosis of live E. coli bacteria in comparison with WT BMDC. Consistent with our previous findings [35] , SR-A Ϫ/Ϫ BMDC exhibited substantial (Ͼ70% deficiency) impairment in their ability to phagocytose live bacteria. We hypothesized initially that deficiency in TLR4 and SR-A may exhibit an additive or synergistic, phagocytic deficiency. However, loss of TLR4 did not impair phagocytosis further in SR-A Ϫ/Ϫ cells. This demonstrates genetically and functionally that loss of SR-A is dominant to the role of TLR4 in the phagocytosis of E. coli.
The primary purpose of our investigation was to analyze how subtle changes in these cell-surface receptors impact the recognition and uptake of pathogenic bacteria. Although we found that heterozygosity for TLR4 or SR-A did not impact phagocytosis of E. coli, double heterozygous SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC are impaired significantly and substantially in the phagocytosis of E. coli. To our knowledge, no functional defects associated with SR-A heterozygosity have been reported previously. TLR4 polymorphisms are well-documented in humans [48 -50] , and heterozygosity for these polymorphisms is associated with LPS hyporesponsiveness and increased susceptibility to bacterial infection [48, [51] [52] [53] . However, it is unclear whether these phenotypes reflect a phagocytic deficiency. The 
TLR4
ϩ/Ϫ BMDC exhibit impaired rates of bacterial internalization compared with WT cells, and this deficit was apparent at early time-points, within 10 min, following induction of the phagocytic process. These data suggest that a rapid, TLR4-mediated process facilitates phagocytosis and that alteration of this signaling process (i.e., through TLR4 heterozygosity) makes phagocytes sensitive to SR-A heterozygosity. In support of this hypothesis, we observed that we were able to recapitulate the SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC phagocytosis deficit in SR-A ϩ/Ϫ MyD88 ϩ/Ϫ BMDC. This result strongly supports a model in which the phagocytic deficit observed in SR-A ϩ/ ϪTLR4 ϩ/Ϫ BMDC is functionally controlled by MyD88 signaling. Moreover, as MyD88 deficiency does not alter TLR4 expression at the cell surface, this eliminates the possibility that the SR-A ϩ/Ϫ TLR4 ϩ/Ϫ defect is a function of reduced cell-surface binding of the bacteria.
Our identification of an analogous role for TLR2 in the phagocytosis of the Gram-positive bacteria S. aureus indicates that there is a global, but TLR-specific, regulation of SR-Amediated phagocytic uptake by MyD88 signaling. SR-A functions in the recognition and uptake of Gram-positive and Gram-negative bacteria. To test the specificity of the SR-A ϩ/ ϪTLR4 ϩ/Ϫ phagocytic deficit, we tested the ability of SR-A ϩ/ ϪTLR4 ϩ/Ϫ cells to phagocytose S. aureus bacteria, which are Gram-positive and also phagocytosed via SR-A (ref. [10] and Fig. 2) ; however, their cell-wall products are predominantly ligands for TLR2 rather than TLR4 [54 -58] . Although SR-A Ϫ/Ϫ BMDC exhibited an expected deficit for S. aureus uptake, SR-A ϩ/Ϫ TLR4 ϩ/Ϫ cells were not defective for S. aureus uptake compared with WT cells. This specificity by the SR-A ϩ/ ϪTLR4 ϩ/Ϫ cells demonstrates that there is not a global phagocytic defect in these cells and that the deficit is restricted to TLR4 ligands. Importantly, we observed that TLR2 and SR-A exhibit a parallel relationship for the phagocytosis of Grampositive bacteria, as SR-A ϩ/Ϫ
TLR2
ϩ/Ϫ BMDC were impaired significantly for the uptake of S. aureus. These data support a shared mechanism, whereby multiple TLRs signal through MyD88 to facilitate SR-A-mediated phagocytic trafficking in a TLR ligand-specific manner.
As an additional control for the specificity of the observed phenotypes, we used AcLDL, a well-established ligand for SR-A, which is internalized through an endocytic, rather than phagocytic, pathway [59] . SR-A ϩ/Ϫ TLR4 ϩ/Ϫ BMDC exhibited WT levels of endocytic accumulation of AcLDL, which demonstrated that TLR4 modulation of SR-A-mediated uptake processes is restricted to phagocytic trafficking of bacteria and does not influence SR-A-dependent endocytosis.
With regard to the phagocytosis of bacteria, our in vivo data recapitulated the in vitro data, and SR-A ϩ/Ϫ TLR4 ϩ/Ϫ mice are observed to be deficient in the clearance of live E. coli, despite having WT numbers of macrophages in the peritoneum within 1 h of bacterial challenge. This in vivo data provide some interesting implications about the role for TLR4 and SR-A synergy in host immunity to bacteria. In particular, we demonstrate that modest (twofold), but concomitant, alterations in TLR4 and SR-A expression levels can impact host bacterial clearance significantly. Two-fold changes in expression levels of these receptors are well within documented regulation of these genes. For example, IFN-␥, TNF-␣, TGF-␤, and IL-6 have all been shown to down-regulate SR-A expression at the mRNA and protein level [64 -69] , and TLR3 activation and cytokine stimuli have been demonstrated to down-regulate TLR4 expression [70 -72] . Additionally, TLR4 and SR-A polymorphisms have been documented in humans, which could cause a predisposition to impaired bacterial clearance if the complementary receptor were down-regulated. Human TLR4 polymorphisms that lead to signaling defective receptors have been characterized and are associated with increased susceptibility to bacterial infection and LPS hyporesponsiveness [48 -51, 53] . Additionally, SR-A polymorphisms have been documented in humans [73, 74] , although no clear resultant phenotype has been identified yet; there are conflicting epidemiological reports about a connection between SR-A polymorphisms and increased risk for prostate cancer [73] [74] [75] [76] [77] . Our findings provide evidence that concomitant alterations in TLR4 and SR-A, through gene dosage or through gene regulation, may result in the impaired ability of innate immune cells to clear invading bacteria and subsequently, would lead to increased susceptibility to pathogenic bacterial infection.
In summary, we report the novel finding that heterozygosity for two distinct PRR found on phagocytic innate immune cells, TLR4 and SR-A, results in impaired phagocytic function in vitro and in vivo for the clearance of the Gram-negative bacteria E. coli. We show in parallel that concomitant heterozygosity for TLR2 and SR-A results in a similar phagocytic defect for the clearance of the Gram-positive bacteria S. aureus. Finally, we demonstrate that heterozygosity for a common signaling adaptor molecule MyD88 recapitulates these phagocytic defects, identifying a novel, mechanistic role for MyD88 in the regulation of SR-A-dependent phagocytic trafficking. This is the first report of any phenotypic haplo-insufficiency for SR-A, and these findings have clear relevance to innate immune protection in humans, where polymorphisms and regulation of expression in the TLR4 and SR-A genes have been well documented. These data provide new insight regarding functional synergy between TLRs and SR-A during bacterial phagocytosis and clearance.
